ABSTRACT: Effects of transmembrane pressure and menibraiie pore size on the microfiltration of oil-in-water eniulsionb are reported. A model for calculating the critical pressure required 10 force the entry of an oil drop into a membrane pore is formulaled based on the YoungLaplace equation and serves as the basis for analyzing the rejection of emulsified materials by microfiltration membranes. This critical pressure to be a reasonable predictor of the operating pressure at which oil drops are no longer by the membrane and their penetaratlo" leads to membrane foulins. Wuter Environ. Res., 68. I 187 ( 1996). lyzed for total organic carbon (nxl) using a T W analyzer (TOC Analyzer, Shimdm TOC 500).
more prominent role in accomplishing these separations. Howover, the basis for selecting membranes and membrane operating conditions to achieve adequate rejection of emulsified material while maintaining permeate flux remains largely empirical (Dunn et ut., 1985; Chen et af., 1991).
Because oil drops are deformable, the transmembrane pressure relative to the membrane pore size and size distribution of oil drops in the feed water is likely to be a critical operating variable as are membrane composition and solution chemistry.
This study examines the effect of transmembrane pressure on the rejection of emulsified oil drops by ceramic membranes. We evaluate a simple model for predicting the critical pressure at which oil drops begin to pass through the membrane and suggest criteria for maintaining oil rejection and permeate flux.
Materials and Methods

Feed waters. Laboratory emulsions of chlorobenzene (C,H,Cl)
in ultrapure water total [deionized, low dissolved organic carbon water, filtered on a 0.22 pm filter (Milli-Q-System, Millipore)] were prepared at a concentration of 500 m a . At this concentration, <25% of the chlorobenzene was estimated to be in solution. Terephthaloyl chloride [C6~-l,4-(COC!),] was added to the emulsions to allow subsequent microencapsulation of the oil drops: the addition of piperazene anhydrous (C4H,(,N2) to an emulsion containing terephthaloyl chloride causes a nylon coating to form on the drops, "freezing" the drop size distribution at the time of sampling. This procedure was employed to facilitate drop-size measurements (McCoy and Madden, 1969 ; Narsimhan et nl., 1980), which were performed using an electronic particle counter (Coulter Multisizer, Coulter Electronics Inc., Hialeah, FI.) operating on the electrical sensing zone principle and fitted with a 19-pm-diameter orifice. The concentrations of dissolved and emulsified hydrocarbons in the laboratory emulsions were anabranes, are comparable to values cited previously by Gutman (1987) and Bhave (1991) . The resistance of the clean membrane increased with decreasing pore size (Table I) .
A centrifugal pump provided flow to the bench-scale apparatus at a fixed rate of 30 c m h ; at this rate, the [low is turbulent (Re = 6000). The pressure was inonitored at the points of entry to and exit from the membrane element as well as on the permeate line. Flow rates in the feed and permeate lines were monitored with calibrated rotameters.
Experimental procedure. Before each experiment, the membrane was cleaned by circulating a caustic solution of 0.0 1 M NaOH (pH -12) through the membrane for 30 min, rinsing with ultrapure water, and then circulating a solution of 0.01 M HCI (pH -2) through the system for another 30 min. The system was rinsed again with ultrapure water until the rinsewater reached pH -6. The permeate flux of the membrane was then evaluated using ultrapure water. These clean water flux tests (CWFT) were performed before each experiment to check on the membrane cleaning procedure and evaluate any irreversible fouling that may have resulted from the previous experiment. The cleaning procedure restored membrane permeabilities to within 80% of their initial values.
After the above preparations, the units were ready for oil-inwater emulsion experiments. Permeate flux and transmembrane pressure were monitored over time while the oily feed water was filtered through the membranes. Samples of the rejectate and permeate were collected at 30-min intervals and when major changes in permeation rate occurred. After the permeate flux appeared to plateau, filtration was continued for another 30 min before samples were collected. Then the permeate line was closed, and the membrane was cleaned: a fast-flush with ultrapure water was followed by a slower surface wash (ultrapure water was run across the membrane and wasted from the concentrate line for 10 min). The permeate line was re-opened, and a CWFT was performed on the fouled membrane to evaluate the degree to which permeate flux had been restored. The mem- 
Results and Discussion
Emulsion rejection as a function of transmembrane pressure. Initially, an oil drop that does not wet the membrane may pass through a pore of smaller diameter only if the applied pressure is great enough to deform the drop and overcome surface tension effects within the membrane pores. For a given transmembrane pressure, the greater the number of drops of appropriate size near the membrane surface, the greater the passage of oil across the membrane. Oil drop accumulation at the membrane surface will be enhanced as factors that increase concentration polarization become more important. In particular, higher transmembrane pressures will tend to increase permeate flux and the flow of oil drops to the membrane surface. Thus, higher transmembrane pressures can increase oil passage by forcing drops through membrane pores, as well as increasing the flux of drops to the membrane surface.
Oil accumulation at the membrane surface will also increase as membrane pore size decreases; a tighter membrane should require higher transmembrane pressures to initiate oil drop movement through membrane pores if all other factors are equal. Rejected oil accumulating on the membrane will tend to mitigate increased retention of emulsified oil with reduced membrane pore size: as oil accumulates near the membrane, the membrane may eventually become oil-wet, causing some drops to coalesce into the oil-wet layer and pass directly through membrane pores. In this condition, the concentration of oil in the membrane permeate may be enriched relative to the feed concentration.
The model we use to interpret the experimental data considers only the effect of initial drop passage through the membrane; drop accumulation on the membrane surface is neglected. The network of pores in the membranes is idealized as a bundle of capillaries. For the drop to move through the pore, surface tension effects associated with the advancing (in the pore) and lagging (on the membrane surface) oil-water interfaces must be overcome (Cline, 1989) . Assuming that the critical pressure, f,,,, for drop movement through the pore is the sum of the pressure drops across these two oil-water interfaces, this pressure can be calculated from the Young-Laplace equation:
where ydw is the interfacial tension between the oil and water, I-* is the radius of curvature of the advancing portion of the drop, r* = rI.../cos 8, and R* is the radius of curvature of the lagging drop interface (Figure 1 ). R* may be calculated from the difference in the volumes of the total oil drop and that of the adavncing portion of the drop (the detailed derivation is given in the Appendix). Therefore, for a given pore and oil drop size and neglecting hysterisis (variations in the contact angle at the advancing and lagging interfactes), the critical pressure required to force entry of a given size of oil drop through a pore of a given diameter may be calculated by:
where r,,and rWlw are the oil drop and nominal pore radii, respectively. In Figure 2 , this critical pressure is plotted as function of membrane pore diameter and drop size assuming a contact angle, 8, of 155 deg, ydw = 52 dyneskm. For transmembrane pressures greater than the critical pressure, theory predicts that oil drops should cross the membrane. Thus, oil passage would be predicted to increase abruptly as a step function when transmembrane pressure reaches a value equal to the critical ore pressure. In addition to concentration-polarization of the emulsified oil, factors such as drop-and pore-size heterogeneity, drop coalescence near the membrane surface, and drop deformation under the shear stress of the crossflow may modify this result.
We consider one such extension of Equation 2 in which a distribution of pore radii in a given membrane is taken into account by assuming a percent breakthrough of drops of a single size, equal to the percent of pores for which their critical pressures are exceeded. This produces an oil passage that is calculated to increase gradually rather than as a step increase. Similarly, accounting for variations in drop size further modifies the calculated oil passage.
Drops in the chlorobenzene emulsions produced in these experiments had a number-averaged diameter of -I pm. A decrease in the number concentration of drops of all sizes was observed over time in these experiments, indicating a decrease in the concentration of emulsified oil in the feed stream. Because the concentrate and permeate streams were recycled to the feed tank throughout the experiments, the decrease in drop diameter is attributable primarily to the deposition of oil on the membrane and other surfaces of the experimental apparatus. Figure 3 summarizes results from experiments with the chlorobenzene emulsions for all four of the membranes tested. The critical pressures required for oil passage through the two most porous membranes tested (0.5 and 0.8 pm) were within the 2 bar range that could be produced by the membrane unit ( Figure  2 ). The percent passage of oil, measured as TOC, is plotted as a function of the applied transmembrane pressure normalized by the critical pressure calculated from Equation 2. The observed oil passage (or conversely, rejection) of the membrane is calculated from the instantaneous concentrations of total organic carbon measured in the permeate, C,,, and the recycle, C,, in samples obtained when the permeate flux was observed to reach a steady state, (Rejection = (C, -C,,)/C, = I -passage). Normalizing the transmembrane pressure by the critical pressure imposes some order on the trend of oil passage as a function of the transmembrane pressure. However, the experimental results differ somewhat from those anticipated from theory. Some passage of soluble chlorobenzene is expected to occur at all trans- Fouling of membranes by chlorobenzene emulsion. Fouling can be expressed in terms of the resistance to permeate flux observed at each stage of operation relative to the resistance of the clean membrane. Resistance of the membrane is defined by the following expression which assumes permeate flux, J, to be proportional to the transmembrane pressure, AP where the constant of proportionality is equal to the sum of the resistance of the clean membrane, R,,,, and the resistance due to fouling, Rr. The resistance due to fouling may itself be partitioned into a sum of resistances defined operationally by the resistances observed after various cleaning procedures (4) where Rhyd is the difference between the total resistance due to fouling, R f , and the resistance calculated from the CWFT data after hydrodynamical cleaning of the membrane, Rchcln is the difference between the resistance calculated after hydrodynamic cleaning and that calculated from the CWFT data after chemical cleaning, and R,, is the "irreversible" increase in resistance due to fouling that remains after hydrodynamic and chemical cleaning. In all cases, the resistances are calculated from linear regression on the data obtained for the permeate flux as a function of the applied transmembrane pressure using clean water in the feed (CWFT). Figure 4 shows the foulant resistance ( R , ) along with its calculated components (Rhyd, Kchem, and R,,, ) resulting from the filtration of chlorobenzene-in-water emulsions through the different ceramic membranes at an initial differential pressure of approximately 2 bar. In all cases, membrane permeability was restored to a greater degree by chemical cleaning than by hydrodynamic cleaning, which probably did not affect materials retained within the membrane matrix. At a transmembrane pressure of 2 bar, significant passage of oil occurred with all of the membranes. Taken together, these observations suggest that the principal cause of fouling in all cases was oil deposition in membrane pores. The largest degree of fouling was observed with 0.2 pm nominal pore diameter (highest foulant resistance).
However, hydrodynamic measures were more effective in restoring the permeate flux of the 0.2 pm membrane than those of the other membrane pore sizes. Furthermore, fouling of the 0.2 pm membrane is accompanied by substantial breakthrough of oil at a AP of 2 bar as the transmembrane pressure approaches the calculated critical pressure for oil drop passage (Figure 4) . For the chlorobenzene emulsion, the 0.2-pm membrane operated at a transmembrane pressure of 2 bar may represent the least favorable combination of oil rejection and subsequent accumulation on the membranes as it ultimately affects fouling. Unlike the larger pore sizes for which oil begins to pass more readily at lower pressures, and the smaller 0.05-pm membrane, which was operated well below the critical pressure for oil drop penetration of the membrane, the 0.2-pm membrane should have experienced significant penetration of oil into the membrane matrix, as well as an accumulation of oil on the membrane surface. The resistance calculated for the 0.05-pm membrane after chemical cleaning was smaller than that for the other membranes. This may suggest that the mechanism of fouling for the 0.05-pm membrane was the deposition of oil drops on the membrane surface rather than in the pores. The accumulation of oil drops near the membrane surface may have induced a concentration gradient across the membrane; this may have contributed to the higher passage of the oil drops through the 0.05-pin membrane.
Conclusions
A simple model based on the Young-Laplace equation roughly estimates the upper bound on transmembrane pressure for which ceramic microfiltration membranes will reject oil drops. When the transmembrane pressure is less than the critical pressure for oil drop penetration, the membrane will largely reject the emulsified material. Membrane operation below the critical pressure also appears to be an important consideration in minimizing membrane fouling. Thus, the evaluation of the critical pressure may be a useful guide for determining limiting operating pressures for a specified membrane-emulsion combination. By maintaining transmembrane pressures below the critical pressure, emulsion rejection may be maximized and membrane fouling minimized. Conversely if membranes are used as coalescers, the critical pressure will define initial transmembrane presures needed to wet the membranes with oil and initiate coalescence.
Variation in membrane pore size around the nominal pore diameter and polydispersivity in oil drop size play important roles in determining the breakthrough characteristics of a given emulsion-membrane combination as a function of transmembrane pressure. Because of these sources of variation, conventional microfiltration membranes are not likely to exhibit sharp cutoffs in oil rejection as a function of pressure drop; estimates of the critical preusure for oil passage should therefore include an allowance for membrane pore-and drop-size variation. Because the calculation of critical pressure does not account for mass transport of oil drops to the membrane surface, this model may not hold when the membrane cutoff and hydrodynamics favor the accumulation of significant quantities of oil near the membrane surface.
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where Vdtuide is the volume of the lagging portion of the oil drop, V, , is the total oil drop, and V, , , , , is the volume of the advancing portion of the drop. VJmp is given by The authors are to be commended for incorporating process, mechanical, and aeration energy into their energy balance equation. But there were several points made in the article that needed clarification and refinement in order to apply the author's approach to other wastewater treatment systems.
The authors' energy balance, 4. IO, was only applicable to a well-mixed tank, and not to a plug-flow system or a system exhibiting dispersion. No sketches were provided of the details of the tanks at the Trankaer or Horning plants. The temperatures used for inflow temperatures, Ti, and measured in-tank temperatures, Tb, were "measured at the inlet (grit chamber) and in the main aeration tank," respectively. There was no discussion of where in the aeration tank Tb was measured. Nor was there a discussion of heat loss in the primary sedimentation tank (if it existed) or an incorporation of the effects of recirculation from the aeration basin on the inflow temperature. These are significant effects and need to be accounted for in a more complex model of a wastewater treatment plant system (Wells, 1990) .
Apparently, in Eq. 10, the author used the measured value of Tb for the heat flux calculations and energy exchange between inflow and outflow, rather than the computed value Tb,-, .
This may, however, have been a typographical error. If the authors did use the measured value of Tb for computing the heat flux and the energy exchange between inflow and outflow, their model would be "self-correcting" and would not be predictive. Hence, the heat flux in Eq. 10, term E, should be based on the value of Tb,-, and the term for the energy exchange between inflow and outflow should be Qi(Tb,-, -Ti,-JV.
The definition of Qi was difficult to use. Qi, defined as the "inflow to tank, cubic meter time interval," was not really an inflow, but was a volume determined by the inflow rate and the model time step. This became confusing when evaluating Table   2 where there was a column entitled "inflow rate, m%," but Qi was not explicitly the inflow rate. There is apparently a typographical error in Eq. 2a, since Qi was defined as the net short-wave insolation.
The energy balance terms were in confusing units: "cal/hr" was used in Eq. 1, "call24 h" was used in Eqs. 2-8, "cal/time interval'* was used in Eq. 9. Adjusting the units based on the model time step was not explicitly shown. The authors suggested using a time step of one hour, but used a daily average solar radiation function that was averaged over the daylight hours and apportioned equally during the daylight hours. A more correct approach would have been to use readily available theoretical formulae for calculating the sunlight as a function of time-of-day (Eagleson, 1970; Brown and Barnwell, 1987) . There was confusion on units of solar radiation in Eq. 2a where Qi was defined as net short-wave solar in units of "Btu/hr/ft". This should be Btu/ft2/hr. Table 2 itemizes values of meteorological conditions for the Feb. 1 , 1990 test at the Trankaer plant. The sunlight, as mentioned above, was apportioned between hours 8 and 16 uniformly. But in Table 3 for the same time period and tank as
